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ABSTRACT

We report on optical analogues of well-known electronic phenomena such as Bloch oscillations and electrical
Zener breakdown. We describe and detail the experimental observation of Bloch oscillations and resonant Zener
tunneling of light waves in static and time-resolved transmission measurements performed on optical superlattices.
One-dimensional photonic structures of high optical quality are specifically designed to represent a tilted photonic
crystal band. This allows an ultrashort light pulse to bounce between the tilted photonic band edges and hence
to perform Bloch oscillations. When the tilt of photonic bands reaches a critical value, two minibands couple
within the superlattice structure, resulting in a resonant tunneling channel in the minigap region, where the
light transmission boosts from 0.3% to over 43%. The latter case describes the resonant Zener tunneling of light
waves.
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1. INTRODUCTION

Transport phenomena of charge carriers in solids have been studied intensively by the researchers. The energetic
spectrum of a quantum particle in a semiconductor crystal consists of allowed and forbidden bands. In the
momentum space an electron moves in the allowed energy band running it’s quasi-impulse in the Brillouin zone.
With a given energy, in the real space it travels freely through the infinite crystal. If an external bias is applied
on the crystal, the electron is accelerated by the field F in the first half of the Brillouin zone, while in the second
half it moves against the field. Therefore in the Brillouin zone it performs a periodic motion which can be either
described as a Bragg reflection from the energy band edges. This oscillatory motion is known as electronic Bloch
oscillations1 and has a characteristic period of TB = h/eFd (d is the lattice constant). The energy spectrum of
such a particle in a biased crystal is described by the so-called Wannier-Stark ladder (WSL).2 The WSL consists
of a set of equidistant states, with an energy separation proportional to the inverse of TB . In general, Bloch
oscillations are expected to occur in an arbitrary periodic lattice, in which the translational invariance is broken,
as it happens in the biased semiconductor crystal.

The Bloch oscillations are closely related to another phenomenon, known as electrical breakdown or nonreso-
nant Zener tunneling,3 which becomes effective as the electric filed increases. At high enough electric fields the
electron can tunnel to the continuum of states of the upper energy band without gaining extra energy. With the
increasing escape probability of the electron to the other energy band the Bloch oscillations are damped strongly.
On the other hand, resonant Zener tunneling is possible at high electric fields between charge carriers in WSLs.

The experimental study of electronic Bloch oscillations has been an issue for a long time because of the fact
that electrons loose their coherence on a time scale, which is much shorter than the oscillation period TB . The
invention of electronic superlattices4 opened up new possibilities to study such interference phenomena, which
show faster dynamics than the electron decoherence time. This possibility is brought up by the big translational
period of the superlattice structure, which implies a smaller Brillouin zone and therefore shorter oscillation
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Figure 1. In analogy to the electronic coupling of separate quantum wells in a semiconductor superlattice (a) an optical
superlattice can be realized when optical cavities are brought together (b) resulting to the formation of a miniband of
extended photonic states. (c) A SEM micrograph of a 1D optical superlattice.

period. Recent experiments cover a series of results such as the observation of WSLs,5 Zener breakdown,6 and
Bloch oscillations.7 Resonant tunneling between the anticrossing Wannier-Stark states of neighboring energy
minibands has been considered theoretically8 and observed in experiments.9

The various analogies between the transport of electrons and the propagation of light waves in dielectric
materials have been established.10 Electronic crystals have an analogue in the form of photonic crystals. Photonic
crystals are artificial materials, in which a periodic variation of dielectric constant leads to the formation of bands
where the propagation of photons is allowed or forbidden.11 As the photons do not interact with each other,
a light wave packet remains coherent for much longer times than charged particles. This means that dynamic
interference effects could be isolated and studied much easier with light.

The existence of the optical counterpart of a WSL has been discussed theoretically12 and observed experi-
mentally in linearly chirped Moiré gratings.13 Different photonic systems have been proposed to observe Bloch
oscillations of light waves.14, 15 Optical superlattices have been proposed as a potentially ideal system to observe
Bloch oscillations for light. In these structures an optical path gradient, ∆δ, parallel to the light propagation
direction was suggested to mimic the optical equivalent of an external force (the static electric field in the electron
case).16

In this article we report on the observations of optical analogues of electronic Bloch oscillations and electrical
Zener breakdown. We will describe and detail the experimental observation of Bloch oscillations17 and resonant
Zener tunneling18 of light waves in static and time-resolved transmission measurements performed on optical
superlattices. In these studies the multilayer structures were specifically designed to represent a tilted photonic
crystal band in close analogy to the tilted electronic miniband of a biased semiconductor superlattice. A controlled
optical path gradient along the growth direction of the structure causes the formation of an optical Wannier-Stark
ladder of equidistant photonic states. The frequency separation of these localized states defines the period of the
photon Bloch oscillations. At a critical optical path gradient, we observe resonant coupling of two Wannier-Stark
ladders leading to delocalization of the optical waves and hence resonant Zener tunneling.

2



a) b)

Log(|E| )
2

Log(|E| )
2

W
a

v
e

le
n

g
th

 [
n

m
]

W
a

v
e

le
n

g
th

 [
n

m
]

Layer numberLayer number

4

0

-4

-8

-12

-16

4

0

-4

-8

-12

-16

Figure 2. Light intensity distribution inside the optical superlattice structure. The parameters used in the calculations
correspond to samples used in the actual experiment. (a) Flat band situation, ∆δ = 0%, (b) tilted band situation, ∆δ
= 14%. The dashed lines are a guide to the eye that indicats the theoretical tilting of the miniband. Above each panel
the coupled microcavity structure is schematically shown; the grey scale refers to the refractive index variation along the
depth in the sample (the darker the larger n).

2. BLOCH OSCILLATIONS OF LIGHT

2.1. The optical superlattice

In a close analogy to the formation of an electronic superlattice when several semiconductor quantum wells
are brought together (Fig. 1(a)), an optical superlattice is made by coupling degenerate optical resonators
(cavities) within the same photonic structure (Fig. 1(b)).19 Optical coupling between the various cavities yields
a degenerate mode repulsion20 and a formation of a miniband of optical states, which are densely packed around
the resonant wavelength. In one dimension an optical superlattice can be formed by stacking two dielectric layers
A and B with different refractive indices and quarter-wave thickness in a way to form identical cavities separated
by Bragg reflectors (Fig. 1(c)). In particular, we choose the following sequence of layers: BABABABAB (AA)1
BABABABAB (AA)2 . . . (AA)m BABABABAB. This structure is essentially a series of m microcavities
(AA)m coupled to each other through the BABABABAB Bragg reflectors.

The light intensity distribution inside this structure can be calculated using a transfer matrix (TM) formal-
ism.21 Figure 2(a) shows the appearance of a miniband of extended optical states (bright lines) in the photonic
stop band (dark regions) in the conditions of a unique optical path throughout the structure.

In order to obtain optical Bloch oscillations one has to introduce a gradient in the optical thickness of the
layers. This will result in a spatial tilting of the miniband (Fig. 2(b)) and formation in an optical Wannier-
Stark ladder. The latter manifests itself as a series of narrow equidistant transmission peaks with a frequency
separation of the peaks that defines the period TB of the Bloch oscillations. The linear change of the optical
thickness introduces, to first order, a linear tilt of the miniband.22 The oscillation period will decrease with
increase in the miniband tilting.

2.2. Sample preparation and optical WSLs

We have grown the optical superlattices by controlled electrochemical etching of heavily doped p-type (100)-
oriented silicon. The electrolyte was prepared mixing a 30% volumetric fraction of aqueous HF (48 wt.%) with
ethanol. A magnetic stirrer was used to improve electrolyte exchange. The applied current density defined the
porosity of the layer (the latter is related to the effective refractive index of the layer in terms of the Bruggeman
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formulae). We applied 7 mA/cm2 for the low porosity layer A (refractive index nA = 2.1) and 50 mA/cm2 for the
high porosity layer B (nB = 1.4). The physical thickness of the layers was controlled by adjusting the duration
of the etch times. Alternating these currents, we grew a superlattice structure with ten coupled cavities. The
superlattice structures were made free-standing by applying an electropolishing current pulse at the end of the
growth process.19 The availability of free standing samples is essential to maintain almost excellent control over
the growth parameters and further simplified time resolved transmission measurements with no contribution
from the strongly absorbing silicon substrate. Particular care was taken to control the anodization conditions
which usually drift as the total sample thickness increases. Moreover, the natural refractive index drift was
compensated by changing the etching times of the layers. The process is known to provide excellent control over
the layer properties allowing the growth of Fabry-Perot filters with a resonance quality factors of 3300.19

The one dimensional translational symmetry of the superlattice was broken by introducing a optical path
gradient in the growth direction of the structure. This was achieved by changing the duration of the etch stop
current, which controlled the refractive index and hence the variation in the optical thickness of each layer. We
produced samples with gradient values in the range from ∆δ = 2 to 14% (values that were extracted from the best
fit parameters to the transmission spectra). As porous silicon samples suffer from lateral inhomogeneities due to
doping variations of the silicon wafers, an inhomogeneous widening of the transmission peaks is usually measured
when broad probe beams are used. In order to avoid this some spectra were measured in a high-resolution
transmission setup with a very small numerical aperture (NA ∼ 0.0075, leading to a negligible broadening of
0.02 nm at 1550 nm wavelength), where a tunable laser source focused to a 35µm diameter spot was used.

Figure 3 shows the transmission spectra for different values of gradient ∆δ. The flat miniband situation is
reported in the top panel (Fig. 3(a)). Optical WSLs are formed with an increase in the gradient over a certain
value: the bigger is ∆δ, the larger is the energy separation of the Wannier-Stark states. The resonances become
thinner and less intense for the large gradient values (Fig. 3(b-d)). This is a clear signature of the strongly
inclined miniband, which also means that in order to be transmitted the photons now need to overcome a thicker
tunnelling barrier.

2.3. Time-resolved transmission measurements

We have performed time-resolved transmission experiments on these samples using an optical gating technique.
This technique involves mixing a reference beam together with the transmitted signal in a 0.3mm thick non-
linear crystal (β Barium Borate) to produce a sum frequency signal. The probe beam is obtained from an optical
parametric oscillator (Spectraphysics OPAL) pumped by a Ti:sapphire laser at center wavelength 810 nm (pulse
duration 130 fs, average power 2.0 W, repetition rate 82 MHz) yielding short pulses tunable from 1300 to 1600
nm wavelength range (average power 100 mW). The reference pulse at 810 nm wavelength is obtained from the
residual Ti:sapphire beam (450 mW average power). The sum frequency signal is detected by a photodiode, and
a standard lock-in technique is used to suppress noise. A delay line in the reference beam allows to tune the
time delay between signal and reference and thus to scan the signal pulse in time. In the top panel of Fig. 4 we
plot the system response without sample from which we determine that the temporal resolution of our system
is smaller than 250 fs. The apparatus is designed such that the transmission spectrum of the sample can be
monitored during the time-resolved measurement by sampling the transmitted light.

Time-resolved data indeed show that transmitted signals oscillate with a period TB that decreases as the
band tilting increases (Fig. 4). It is important to note that the optical WSL in our structures is formed above
a threshold gradient value ( 7%). This is confirmed also by the TM-calculations. The reason for this is because
the optical thickness gradient values below 7% is not sufficient to fully tilt the miniband within the sample
thickness. One can see how the amplitude of the transmitted intensity decreases as the gradient increases: as a
result of an increased tilt of the photonic miniband (Fig. 2(b)) the oscillating photon wave packet has to tunnel
out through a thicker barrier. In Fig. 5 the measured periods of the Bloch oscillations are compared to the
ones calculated through TM formalism. The experimental data are in perfect agreement with the theoretical
prediction. However, one can measure oscillations even below the critical gradient value of 7%, which in this case
are due to the reflection of light from the sample physical boundaries, therefore changing the gradient in this
range does not influence the oscillation period. At larger values of gradient the oBO period decreases linearly
with the increase in the miniband tilt, as expected for Bloch oscillations.
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Figure 3. High resolution transmission spectra of the optical superlattices with different gradients of the optical thickness
of the layers (λ0 = 1.55µm is the central wavelength). The top spectrum corresponds to the non drifted sample (spatially
flat miniband), while the others (b), (c), (d) show the occurrence of the optical Wannier-Stark ladder with equidistant
resonances: the energy separation of the states increases with the increase of the miniband tilt.

The oBO decay with a characteristic time τB which saturates at large gradients. This is a sign of the increased
confinement of the optical modes in the WSL: as the photonic band tilt gets steeper, tunneling out of the sample
becomes more difficult, and the transmission losses decrease accordingly. These intrinsic losses are not the only
one present in the structure, as light in porous silicon suffers also from external losses. At large gradient values
τB saturates to 1.26 ps, which is caused by scattering on the pores and residual absorption losses in the porous
silicon sample. One can consider that τB = (τ−1

pBO + τ−1
ext)−1, where τpBO is the intrinsic decay time of the Bloch

oscillation and τext is due to absorption and scattering losses. The solid line in Fig. 5 is obtained by assuming
τext =1.3 ps that corresponds to an extinction coefficient (total losses, absorption + scattering) of αext = 100
cm-1, in agreement with previously determined loss values.19

3. RESONANT ZENER TUNNELING OF LIGHT

3.1. The double-miniband optical superlattice

The successful demonstration of the optical analogue of electronic Bloch oscillations naturally raises the question
if it is possible to observe the optical analogue of Zener breakdown phenomenon. As a first reasoning towards
the study of Zener tunneling of light one should think of tilting the optical superlattice bands such that the first
order (centered at λc) miniband is coupled to the closest order one. However, very large band tilting will be
necessary to do this. A possible solution is to build an optical superlattice that exhibits two minibands within
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Figure 4. Time-resolved transmitted signals through the superlattice structures for various values of the optical path
gradient ∆δ. The top panel shows the undisturbed probe pulse without sample. An oscillating signal is measured in the
photodetector when the optical WSL are excited The period of the oscillations and the total transmission decrease while
increasing ∆δ.

the unique stop band. This will allow to use relatively small optical path gradients. For this, one should couple
within the same structure two sets of cavities of C and D type, which are centered at different wavelengths λ1

and λ2, respectively∗. The appropriate sequence of layers looks like the following: BABABAB (CC)1 BABABAB
(DD)1 . . . (CC)m BABABAB (DD)m BABABAB. In our studies we have chosen m=6, λ1 = 0.81λc and λ2 =
0.88λc.

The samples were grown using the same technique described in the previous section. The refractive indices
for this type of structures were determined to be nA = nC = nD = 1.5 and nB = 2.12. We produced samples with
controlled gradient values in the range from ∆δ = 0 to 18%. The light intensity distribution inside this structure
in the absence of optical path gradient (Fig. 6(a)) shows the formation of two flat minibands MB1 and MB2.
These appear as two sets of intense lines of extended optical states, stretching through the sample. The two
minibands are separated by a photonic minigap (dark region), which shows an negligible transmission of 0.43%.
The parameters used in the calculations correspond to those of the samples studied in the actual experiment.
The calculated spectra also take into account the loss coefficient of 93 cm−1 of the samples (due to absorption and
scattering out of the propagation axis) which gives a nearly negligible spectral broadening of the transmission
peaks of 0.3 − 0.5 nm. The corresponding calculated transmission spectrum of the structure (Fig. 6(b)) is
compared with the experimental one (Fig. 6(c)). The latter is measured with a Varian Carry spectrophotometer
using a broad beam of 1mm in diameter, which explains appearance of wider and less intense spectral features.

∗Note that C and D layers are also quaterwave-thick, so that (CC) and (DD) form λ1/2 and λ2/2 cavities respectively.
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Figure 5. Measured photonic Bloch oscillation period TB and decay time τB as a function of the gradient ∆δ. The error
bars are the standard deviations obtained from various measurements on several positions on the sample and represent
therefore the effect of lateral sample inhomogeneities. The solid lines are the predicted from transfer matrix calculations
behaviors of TB and τB [*** MODIFY THE CAPTIONS ***].
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Figure 6. The calculated intensity distribution of the light inside the sample plotted as a color scale versus the normalized
frequency ω/ω0, where ω0 is the minigap central frequency, and depth inside the sample. (a) Flat miniband situation,
∆δ = 0%. Two minibands MB1 and MB2, separated by a minigap region are seen in the calculated (b) and measured
transmission spectrum (c).
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Figure 7. (a) Optical WSLs of localized modes are formed in two minibands at ∆δ = 6.7%. Light transmission drops
down to 2%: TM-calculations (b) and experiment (c).

0 10 20 30 40 50

0.92

0.94

0.96

0.98

1.00

1.02

1.04

1.06

1.08

1.10

-15 -10 -5 0 5

0 5 10 15 20

Scattering States map
Transmission [%]

Theory Experiment

Log(|E| )
2

ZT

(a)
(b) (c)N

o
rm

a
liz

e
d
 f
re

q
u
e
n
c
y

0.92

0.96

1

1.04

1.08

Depth in the sample [ m]m

5 10 15 20 25

(a)

Figure 8. (a) The two WSLs couple at ∆δ = 10.3% and form a resonant tunneling channel through the sample. Resonant
Zener tunneling is predicted by theory (b) and confirmed experimentally (c) as an enhanced transmission peak in the
center of the minigap.

The high-resolution transmission setup was utilized in some particular cases, where the observation of narrow
peaks with high intensity was essential.

An introduction of 6.7% of negative optical path gradient23 tilts the photonic band structure and results in
the formation of optical WSLs in both minibands (Fig. 7(a)). Now the spatial confinement of localized states
causes a decrease of absolute transmission from 50% in the flat band case (delocalized states) down to 2% (Fig.
7(b)). In Fig. 7(c) we plot the measured transmission spectrum of the superlattice with tilted minibands, where
the WSLs can be appreciated.

We go on further with increasing the optical path gradient and look at the evolution of photonic miniband
picture. At a critical degree of band tilting (∆δ ∼ 10.3% in our case) the WSLs in two minibands couple within
the extension of the structure. Coupling induced delocalization of two anticrossing states takes place, which
appears as an intense resonant tunneling channel (Fig. 8(a)). The resonant Zener tunnelling manifests as an
enhanced transmission peak peak in both calculated (Fig. 8(b)) and measured transmission spectra (Fig. 8(c)).

This observation, together with the TM-calculations in Figs. 6-8, nicely demonstrates the physics of resonant
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very weak coupling between the cavities (solid line) the optical thickness gradient at which Zener tunneling occurs has a
minimum value.

Zener tunneling. An efficient transmission channel opens when two internal resonances inside the sample couple
to form a delocalized mode of which the transmission coefficient is much larger than the sum of the transmission
coefficients of the two individual resonances before coupling. Such internal resonances can only couple if the
frequency difference between the modes is smaller than their bandwidth. The characteristic property of Zener
tunneling is that this frequency difference is tuned by changing the gradient inside the sample and that the
internal resonances arise from a double Wannier-Stark ladder. The critical gradient value ∆δZT at which Zener
tunneling occurs (in our case 10.3%) depends on the frequency difference between the centers of the minigaps
∆ω = ω1 − ω2, and the bandwidth of the minibands themselves. At ∆δZT the frequency of the low frequency
miniband at the last cavity (high depth) matches the frequency of the high frequency miniband at the first cavity
(small depth). In Fig. 9 we show some numerical results which reflect the evolution of the optical WSLs towards
the eventual coupling: the shift of the edge resonance relative to its position in the flat miniband case is plotted
versus the increasing ∆δZT . The calculations are performed for different strengths of Bragg mirrors (number of
mirror periods) in the optical superlattice. In the limit of very small bandwidth (Bragg mirrors consisting of
large number of layers resulting in weak coupling between the cavities) the optical thickness gradient at which
Zener tunneling occurs takes its minimum value defined as ∆δZT = ∆ω/ω1 (solid line). At larger bandwidths
the situation is more complicated and to obtain ∆δZT one needs to calculate the scattering states map at each
gradient value as in Fig. 2. We will see below that the such obtained theoretical value for ∆δZT is indeed 10.3%
for our sample.

We can observe from the graph that for the case of strong coupling between the cavities (1.5- and 2.5-period
cases) the relative shift of the resonance is negative for small gradients. This is due to the fact that the bandwidth
of the miniband decreases slightly when the small gradient detunes only the coupling mirrors but is still not
enough to break the translational symmetry of the superlattice. Over a certain value WSLs start to form and the
minibands start to expand monotonically with the further increase of titling. Another interesting observation is
the behavior of the curve of strongest coupling case (1.5-periods) in the vicinity of ∆δZT ≈ 18%: the coupling
between the two WSL states is so strong that the change in the tilting of the miniband around ∆δZT does
not influence the relative shift of the resonance. This means that a marked double peak would manifest in the
transmission spectrum for all this range of gradients because of enhanced level repulsion between the degenerate
states.

We decided to examine the Zener tunneling regime in detail. For this we have grown a superlattice structure
with lateral (in-plain) variation in ∆δ around 10.3%. To achieve this, the magnetic stirrer was placed close to
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Figure 10. (left) A schematic view of the Hi-Res transmission measurement of the superlattice sample with in-plane
gradient. (right) The comparison between the experimental transmission values of the maximum transmission (line)
around the central frequency ω0 as a function of the gradient and the transfer matrix calculations (dots). The inset
shows the transmission spectrum of the tilted superlattice around the value of the optical path gradient where the first
anti-crossing of the optical Wannier-Stark ladders and hence Zener tunneling occurs.

one edge of the sample during the whole growth process, thus the electrolyte exchange was enhanced differently
between the closest (to the stirrer) and farthest points on the sample surface. The latter resulted in a smoothly
varying refractive index profile between the antipodal points in each layer of the optical superlattice (see the
schematic sketch in Fig. 10). Measuring the transmission spectrum at different points over the sample surface
(moving the incident beam laterally) allowed us to follow the evolution of miniband coupling around ∆δZT . In
this way the system was studied at different values of gradient between 6.5% to 10.7%.

High-resolution transmission measurements are performed for this sample. Fig. 10 reports the measured high-
resolution transmission spectra taken at different points corresponding to different gradients. In the vicinity of
the threshold gradient the transmission spectrum is very sensitive to small changes of the optical path. One can
see how the edge states of the two WSLs start to overlap, and the saddle-like curvature transforms gradually into
a sharp resonance of 42% transmission. In the inset of Fig. 10 the calculated transmission values at ω0 for ∆δ
in the range 0÷ 25% are compared with the experimental data. The correspondence between the experimental
and calculated values of the Zener tunneling gradient is very good. In the calculations another maximum,
corresponding to the second anticrossing of WSL states, is present at ∼ 21%. However, the intensity of this peak
is much weaker in compare with the first one at ∆δZT = 10.3%, which can be understood in terms of decreasing
the probability of the tunneling event out of the superlattice as the miniband tilt increases.

The analysis of spectra around the Zener tunneling regime show that, together with the increase of the
transmission value, the resonant transmission peak gets wider†. At resonance its full width half maximum
(FWHM) is about a factor of two larger than that of the uncoupled WSL peaks at 0.98ω0 and 1.025ω0. This
broader non Lorenzian lineshape is the effect of repulsion between the two coupled resonances.

3.2. Resonant Zener tunneling in time-domain

When studying narrow spectral features in static transmission measurements one usually is limited by the
setup resolution. Therefore, lineshape differences are often difficult to appreciate even in the high precision
spectra. Small variations in the frequency domain result in big fluctuations in the time domain. The Fourier

†The resonance lifetime, which is inversely proportional to the FWHM, decreases for the coupled states, thus proving
additionally the coupling induced delocalization of WSL states in the Zener tunneling regime.
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Figure 11. Time-resolved transmitted signals from a double miniband superlattice with optical path gradient in the
Zener tunneling regime. The panels (a), (b), and (c) correspond to different probe wavelengths. (a) A excited single
resonance shows a characteristic exponential decay whereas (b) damped Bloch oscillations are observed when exciting two
Wannier-Stark resonances. In (c) the Zener tunneling peak is excited leading to a strongly delayed but nearly symmetric
transmitted pulse. The dotted curves refer to the transmission in the absence of a sample.

transformation of a single resonance, corresponding to a phase shift of π, results in an asymmetric lineshape with
single exponential decay at long times. A double resonance mode lineshape (Gaussian) experiences a different
phase (2π) versus frequency dependence, which will affect the shape of the time response, namely shifting its
maximum towards longer times. Then, the Fourier transformation of a Gaussian peak will result to a more
symmetric pulseshape in the time domain. This feature should allow to distinguish among peaks of the same
width, originating from resonances of different multiplicity.

We have tested these properties looking at the time response of our optical superlattice sample, performing
ultrashort pulse propagation experiment in the Zener tunneling regime. The technique used is the same as
described in detail for the Bloch oscillations case. Figure 11 shows three examples of transmitted pulses centered
at different wavelengths. A reference pulse, measured in the absence of sample is plotted as dotted line for
comparison. When a single Wannier-Stark state is excited (Fig. 11(a)), the transmitted signal intensity decays
exponentially, which is the characteristic behavior of a localized state. The delay of the pulse, defined as the
delay of the center of the mass of pulse profile, as expected, is not big, because the light propagates only a
short region inside the sample, where the resonance is confined. When the incident pulse excites two resonances,
a complex signal oscillating with a period of ∼ 200 fs, determined by the frequency separation of the excited
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states, is observed (Fig. 11(b)). These are the well known photonic Bloch oscillations. In our specific case, these
oscillations are damped because of the double resonance acts as an effective a loss channel. Finally, Fig. 11(c)
shows the time response of the peak with enhanced transmission at 1560 nm. The time-resolved profile does
not have the typical shape of a single resonance. The observed picture is consistent with a double resonance
transport behavior: it is characterized by a rapid decay and a substantial delay of maximum transmission point
that amounts to almost 360 fs. The fast decay time is due to the strong coupling of the mode with the sample
environment. The delay is caused by the transient time necessary to build up the double resonance of the Zener
tunneling mode.

4. CONCLUSIONS

In conclusion we have observed the optical counterparts of electronic Bloch oscillations and Zener tunneling
in optical superlattices of porous silicon. A linear variation in the optical constants of the system along the
propagation direction allows to form a Wannier-Stark ladder and to observe optical Bloch oscillations resolved
in time. Both the oscillation period and the damping time versus the strength of the Wannier-Stark ladder are
consistent with predictions from transfer matrix calculations. The observation of resonant Zener tunneling of
light waves has been performed via spectral and time-resolved transmission measurements on specifically designed
optical superlattices, which exhibit two minibands. At a critical gradient of the optical path value, coupling of
photonic minibands occurs resulting in delocalization of the optical Wannier-Stark states and consequently Zener
tunneling of the light waves.
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7. T. Dekorsy, P. Leisching, K. Köhler, and H. Kurz, Phys. Rev. B 50, 8106 (1994); V.G. Lyssenko et al.,
Phys. Rev. Lett. 79, 301 (1997); T. Hartmann, F. Keck, H. J. Korsch and S. Mossmann, New J. Phys. 6, 2
(2004).

8. S. Glutsch and F. Bechstedt, Phys. Rev. B 60, 16584 (1999).
9. B. Rosam, K. Leo, M. Glück, F. Keck, H. J. Korsch, F. Zimmer, K. Köhler, Phys. Rev. B 68, 125301 (2003).
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